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ABSTRACT

The causes for the observed occurrence of anomalous zonally symmetric upper-level pressure ridges in
the midlatitude belts of both hemispheres during the year after warm El Niño–Southern Oscillation
(ENSO) events have been investigated. Sea surface temperature (SST) anomalies in the Indo–western
Pacific (IWP) sector were simulated by allowing an oceanic mixed layer model for that region to interact
with local atmospheric changes forced remotely by observed ENSO episodes in the eastern/central tropical
Pacific. The spatiotemporal evolution of these SST conditions through a composite ENSO cycle was then
inserted as lower boundary conditions within the IWP domain in an ensemble of atmospheric general
circulation model (GCM) integrations. This experimental setup is seen to reproduce zonally symmetric
geopotential height anomalies with maximum amplitudes being attained over the extratropics in the boreal
summer after the peak phase of ENSO. The model evidence hence supports the notion that these global-
scale atmospheric changes are primarily responses to SST perturbations in IWP, which are in turn linked to
ENSO variability in the equatorial Pacific by the “atmospheric bridge” mechanism.

Experimentation with a stationary wave model indicates that the Eastern Hemisphere portion of the
aforementioned atmospheric signals are attributable to forcing by tropical heat sources and sinks associated
with precipitation anomalies in the IWP region, which are closely related to the underlying SST changes.
Diagnosis of the output from the GCM integrations reveals that these circulation changes due to diabatic
heating are accompanied by alterations of the propagation path and intensity of the high-frequency eddies
at locations farther downstream. The geopotential tendencies associated with the latter disturbances bear
some resemblance to the anomalous height pattern in the Western Hemisphere. Such local eddy–mean flow
feedbacks hence contribute to the zonal symmetry of the atmospheric response pattern to forcing in the
IWP region. Analysis of zonally averaged circulation statistics indicates that the mean meridional circulation
induced by divergence of anomalous transient eddy momentum fluxes in ENSO events could also generate
zonally symmetric perturbations in midlatitudes.

The model-simulated precipitation and surface temperature anomalies in the North American sector in
response to SST changes in IWP suggest an increased frequency of droughts and heat waves in that region
during the summer season after warm ENSO events.

1. Introduction

Changes in the sea surface temperature (SST) con-
ditions over the Indian and western Pacific Oceans dur-
ing El Niño–Southern Oscillation (ENSO) events in the
eastern/central equatorial Pacific have been recognized

in many observational studies (e.g., Hsiung and Newell
1983; Pan and Oort 1983, 1990; Kawamura 1994; Lan-
zante 1996). It has been noted that, whereas the peak
phase of the ENSO-related SST signal in the central
tropical Pacific occurs in the northern winter, the SST
anomalies in the Indo–western Pacific (IWP) sector
typically attain maximum amplitudes one to two sea-
sons later, that is, during the following boreal spring or
early summer. Recent diagnoses (e.g., Klein et al. 1999)
reveal that the SST variations in IWP may partially be
attributed to anomalous heat and radiative fluxes
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across the local air–sea interface. These surface fluxes
are modulated by the overlying atmospheric conditions,
such as wind speed, temperature, moisture content, and
cloud cover. The latter meteorological changes over the
IWP are in turn remotely forced by ENSO anomalies
situated in the central tropical Pacific. The SST vari-
ability in IWP is hence linked to ENSO through an
“atmospheric bridge” spanning the Pacific and Indian
Oceans.

The effectiveness of the chain of processes described
above in modulating the atmospheric and oceanic con-
ditions in the IWP sector has been demonstrated in a
series of general circulation model (GCM) experiments
analyzed by Lau and Nath (2003, hereafter LN03). In

that study, observed monthly varying SST anomalies
were prescribed as lower boundary conditions in the
deep tropical eastern/central Pacific (DTEP), whereas
the model atmosphere is coupled to a motionless oce-
anic mixed layer model outside of this forcing domain.
More details of this experimental design will be pro-
vided in section 2. The composite distributions of the
SST field, as obtained by subtracting the averages over
five outstanding cold ENSO events from averages over
five strong warm events, are displayed in Fig. 1. Results
are presented for the boreal winter (when the imposed
ENSO forcing typically attains maximum amplitudes),
as well as the following spring and summer of these
outstanding episodes. The box with dashed boundary in

FIG. 1. Distributions of the prescribed SST anomaly in in the deep tropical Pacifc Ocean [DTEP, see
thick dashed rectangular border in right panel of (a)]) and model-generated SST anomaly outside of
DTEP in the MLM experiment. Results are based on differences between composites over five warm
and five cold ENSO events, for the periods of (a) DJF(01), (b) MAM(1), and JJA(1). The year number
in parentheses of the time labels refers to the year in the ENSO time frame, with (0) indicating the year
when the events initiated, and (1) denoting the following year. Contour intervals: (left) 0.25° and (right)
1°C.
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the right portion of Fig. 1a indicates the DTEP site. The
SST conditions at all grid points beyond this region
have been predicted by the oceanic mixed layer model.
The patterns in Fig. 1 indicate that the simulated SST
changes in the IWP sector are mostly positive during
warm ENSO events in the tropical central Pacific. Some
of these model features are discernible in the corre-
sponding composites based on observations (see
LN03). The development of the SST anomalies in IWP
exhibits noticeable temporal lags relative to that in
DTEP. The strength of the composite SST forcing in
the core of DTEP is seen to diminish from boreal win-
ter (Fig. 1a) to the following spring and summer (Figs.
1b–c). On the contrary, the SST perturbations at most
sites in the northern Indian Ocean as well as the mar-
ginal seas off the Chinese and northwestern Australian
coasts are noticeably enhanced from northern winter to
spring. The warm anomalies in IWP north of the equa-
tor also tend to persist through the following summer.

The SST anomalies in IWP that are generated by
ENSO forcing from the tropical Pacific could in turn
exert influences on the atmospheric circulation. We
have investigated the nature of these feedback effects
by comparing the output from GCM experiments with
and without atmosphere–ocean coupling outside of the
ENSO forcing region in DTEP, or by subjecting the
model atmosphere to SST anomalies in IWP as pro-
duced by the atmospheric bridge mechanism. Lau and
Nath (2000) and LN03 have reported that the SST in-
creases in the northern Indian Ocean during warm
ENSO events lead to substantial changes in the inten-
sity of the monsoonal circulation over South Asia. The
evidence presented in Wang et al. (2000), LN03, and
N.-C. Lau et al. (2004, hereafter LNW04) also indicates
that the SST warming in the South and East China Seas
and the cooling in the subtropical Pacific near the date
line during warm ENSO episodes (see Fig. 1b) play a
prominent role in the evolution of the anomalous sur-
face anticyclone in that region.

In addition to their salient relationships with the local
atmospheric environment, the SST changes in IWP may
have more widespread impacts on interannual variabil-
ity in other parts of the globe. For instance, Hoerling et
al. (2001b), Kumar et al. (2001), and Hoerling and Ku-
mar (2003) documented the prolonged warmth and dry-
ness of the extratropical belts (particularly North
America, southern Europe, and southwestern Asia) af-
ter the 1997 El Niño and suggested that these anomalies
could be caused by the SST increase in the IWP sector.
The probable effects of SST variations in IWP on North
Atlantic climate were pointed out by Hoerling et al.
(2001a). Kumar and Hoerling (2003) further showed
that the continuation of tropicwide tropospheric warm-

ing during the several seasons after the peak phase of
El Niño events could result from the delayed tempera-
ture increases of the tropical Indian and Atlantic wa-
ters. The links between the Asian summer monsoons
and the circulation/precipitation over continental North
America have been considered by Lau and Weng
(2002) and K. M. Lau et al. (2004). In view of the afore-
mentioned influences of SST anomalies in IWP on the
intensity of the Asian monsoons, the oceanic conditions
in IWP could play an important role in the covariability
between summer climates over Asia and North
America.

In the present study, a concerted effort is made to
examine the impacts of SST variations in IWP on the
global atmospheric circulation and to diagnose the dy-
namical processes that account for the local and remote
aspects of these impacts. Our attention is focused on
the SST perturbations generated by the atmospheric
bridge, so as to demonstrate the far-reaching effects of
this mechanism on global atmospheric variability dur-
ing ENSO events. By building upon the previous mod-
eling studies of LN03 and LNW04, we present results
based on a new suite of experiments that are specifi-
cally designed to delineate the atmospheric responses
to SST changes in IWP.

The model experiments analyzed in this study are
documented in section 2. The influences of SST anoma-
lies in IWP on atmospheric conditions in different parts
of the globe, as inferred from the model runs, are di-
agnosed in section 3. The local processes that contrib-
ute to these atmospheric signals are examined in sec-
tion 4. The role of eddy–mean flow interactions in the
maintenance of these signals is analyzed using a zonally
averaged framework in section 5. Implications of the
remote atmospheric responses on the summertime vari-
ability of the North American climate are considered in
section 6.

2. Designs of model experiments

The basic model tool for this study is an atmospheric
GCM maintained by the Climate Dynamics Project at
the Geophysical Fluid Dynamics Laboratory. This
global model uses a spectral framework with rhomboi-
dal truncation at 30 wavenumbers and has 14 sigma
levels in the vertical direction. Documentation of vari-
ous aspects of this model may be found in Gordon and
Stern (1982) and Broccoli and Manabe (1992). A com-
prehensive set of circulation statistics on the climatol-
ogy and variability of the GCM has been compiled by
Alexander and Scott (1995).

The following four experiments based on the above
GCM have been analyzed in the course of this investi-
gation:
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a. The mixed layer model (MLM) experiment

Observed monthly varying SST data for the 1950–99
period have been inserted as lower boundary condi-
tions in the DTEP region (15°S–15°N, 172°E to the
South American coast; see dashed border in the right
portion of Fig. 1a). For maritime sites outside of this
region, two-way atmosphere–ocean interactions have
been incorporated by coupling the model atmosphere
to a static-ocean mixed layer model with variable thick-
ness (see Gaspar 1988; Alexander et al. 2000). This
mixed layer model computes SST variations at indi-
vidual grid points in response to the local atmospheric
driving. The flux correction technique described by
Manabe et al. (1991) has been applied so as to ensure
that the seasonal cycle of the long-term-averaged SST
pattern as generated by the mixed layer model is almost
identical to the observed climatological distributions.
Altogether, 16 parallel integrations over the 50-yr pe-
riod have been conducted, with each run being initiated
from an independent set of atmospheric conditions.

b. The control (CTRL) experiment

Temporally varying SST forcing has been prescribed
in DTEP in the same manner as in the mixed layer
model (MLM) experiment. However, no air–sea cou-
pling has been performed beyond the DTEP region.
Instead, the observed climatological seasonal cycle of
the SST field has been imposed on all grid points out-
side of DTEP; that is, interannual SST variability is
absent at these points. An ensemble of eight model
runs have been conducted under this scenario.

c. The Indo–western Pacific (IWP) SST experiment

This experiment is aimed at delineating the atmo-
spheric response to SST anomalies in the IWP sector
(40°S–40°N, 30°–165°E; i.e., domain of the left portion
of Fig. 1) that are linked to ENSO through the atmo-
spheric bridge mechanism. The oceanic boundary forc-
ings used here have been obtained by the following
composite procedure. The 16-member ensemble mean
SST values generated in the MLM experiment have
been averaged over the five outstanding warm ENSO
episodes starting in 1957, 1972, 1982, 1991, and 1997.
Similarly, averages have been taken over the five cold
events starting in 1955, 1970, 1973, 1975, and 1988.
These computations have been performed at monthly
intervals from January of the year when the events ini-
tiated (year 0) to February two years thereafter (year
2). The difference between the two sets of composites
(hereafter referred to as “warm minus cold compos-
ites”) have been multiplied by a factor of 21 and then

added to the local climatological value. The evolution
of the resulting SST field through the 26-month com-
posite period in the IWP region was then applied as
lower boundary conditions. All grid points located out-
side of IWP, including those in DTEP, were con-
strained to evolve through the climatological annual
cycle as determined by observational data. The 26-
month integrations were repeated 30 times by using
different atmospheric initial conditions.

d. The climatological SST (CLIMO) experiment

To compute the climatological state of the model at-
mosphere, from which the anomalous component of
various fields of interest in the IWP experiment could
be evaluated, a 30-yr experiment has been performed
using observed climatological SST conditions at all grid
points throughout the world oceans.

It is noteworthy that, through implementation of the
flux correction procedure in the MLM experiment, the
observed SST climatology prescribed in the control
(CTRL) experiment (outside of DTEP), IWP (outside
of Indo–western Pacific), and climatological SST
(CLIMO) experiment (worldwide) is the same as the
long-term means of the SST conditions as computed by
the oceanic mixed layer model outside of DTEP in
MLM.

The MLM and CTRL experiments described above
are identical to those examined in Alexander et al.
(2002), LN03, and LNW04, who have provided more
details of these model runs. The same pair of experi-
ments have also been examined by Kumar and Hoer-
ling (2003), who have referred to them as the POGA-
ML and POGA integrations, respectively.

Most of the results presented in this study are based
on ensemble averages over the 16, 8, 30, and 30 samples
available in the MLM, CTRL, IWP, and CLIMO ex-
periments, respectively. Throughout the course of this
study, we examine the differences between the output
from two experiments, or the warm minus cold com-
posite charts based on a given experiment. To assess
the statistical significance of the signals appearing in
these individual patterns, the Student’s t test has been
applied to most of the findings presented here. The
results of this assessment are summarized in the appen-
dix. A large majority of the features to be discussed in

1 In view of the rather modest amplitudes of the SST signals in
the IWP domain (see Fig. 1), this doubling of the SST forcing is
aimed at obtaining more robust atmospheric responses. The re-
sults from LNW04 and from model runs subjected to SST forcing
of reversed sign (not shown) indicate that the amplitude of the
simulated atmospheric response exhibits a quasi-linear depen-
dence on the strength and polarity of the prescribed SST forcing
in the western Pacific.
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the following sections are seen to exceed the 99% sig-
nificance level.

3. Global atmospheric changes associated with
SST variability in DTEP and IWP

a. Latitude–longitude patterns

The distributions of the 200-mb height anomalies
during the DJF(01) and JJA(1) seasons2 are displayed

in the left and right panels of Fig. 2, respectively. The
top panels show the warm minus cold composites (see
definition in section 2) based on output from the CTRL
experiment. The patterns in the middle panels are ob-
tained by subtracting the warm minus cold composites
based on CTRL data from the corresponding compos-
ites produced by the MLM experiment. The differences
between the ensemble averages generated in the IWP
and CLIMO integrations are presented in the bottom
panels. As can be deduced from the designs of the ex-
periments considered here (see details in section 2), the
results in the top panels illustrate the typical response
of the model atmosphere to the ENSO forcing imposed
in the DTEP region. This direct ENSO effect is re-
moved from the output of the MLM experiment while
computing the results in the middle panels so that the

2 A certain month or season in the ENSO time frame will here-
after be indicated by using the first three letters of that month or
the first letter of the three months in that season, followed by the
year indicator (see definitions in section 2) in parentheses. For
instance, Jan(0) denotes January of year 0; DJF(01) stands for
averages over Dec(0), Jan(1) and Feb(1); JJA(1) represents the
June–August season in year 1, etc.

FIG. 2. Distributions of the 200-mb height anomaly, as obtained from the (a), (d) CTRL experiment,
(b), (e) difference between the MLM and CTRL experiments, and (c), (f) difference between the IWP
and CLIMO experiments. Results in upper four panels are based on the warm minus cold composites.
Data for the (left) DJF(01) and (right) JJA(1) periods. To facilitate comparisons with the other panels
in this figure, the anomalies in (c) and (f) are plotted at half amplitude. Contour intervals: (a), (d) 20 and
(b), (c), (e), (f) 10 m.
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signals displayed therein indicate atmospheric pertur-
bations due to air–sea interactions occurring outside
the DTEP region. Such interactions are in turn initiated
by the atmospheric bridges linking ENSO forcing in
DTEP with SST changes in various parts of the world
oceans. The bottom panels are aimed at identifying the
atmospheric response to SST anomalies in the IWP do-
main that are generated by the atmospheric bridge
mechanism as simulated in the MLM experiment. Re-
calling that the anomalous SST forcing has been en-
hanced by a factor of 2 in the IWP experiment, the data
in the bottom panels are shown at half amplitude so as
to facilitate comparisons with signal strengths given in
the other panels for the MLM and CTRL experiments.

During the DJF(0/1) season (i.e., the peak phase of
ENSO events), the direct atmospheric response to SST
changes in DTEP as simulated in CTRL (Fig. 2a) is
characterized by a pair of Pacific subtropical anticy-
clones straddling the equator and by the familiar wave
trains spanning the North Pacific–North American re-
gion as well as parts of the southern oceans. Also evi-
dent in Fig. 2a is the occurrence of positive height
anomalies along the entire equatorial belt and of zon-
ally extended negative anomalies between latitudes 30°
and 50° in both hemispheres. The amplitude of the
height anomalies is much reduced in the following bo-
real summer (Fig. 2d), when the SST forcing in DTEP
is also much diminished (Fig. 1c). The 200-mb height
anomalies in this season are mostly negative along the
zonal belt between 30° and 60°N. The overall patterns
for both seasons are in good agreement with the cor-
responding observations (Kumar and Hoerling 2003).

The most prominent features in Fig. 2b are located in
the Pacific–North American sector, where the polari-
ties of the height anomalies are opposite to those ap-
pearing in Fig. 2a. Hence the feedback effects of the
SST anomalies outside of DTEP on the atmospheric
circulation in that sector tend to weaken the direct re-
sponse to ENSO forcing in DTEP during winter. This
result is in accord with the findings reported by Alex-
ander et al. (2002), who further noted that this negative
interference may partially result from air–sea interac-
tions over the North Pacific. The MLM minus CTRL
pattern in the JJA(1) season (Fig. 2e) also exhibits a
negative spatial correlation with that produced by the
CTRL experiment (Fig. 2d). Particularly noteworthy in
Fig. 2e are the elongated positive height anomalies
along much of the subtropics in both hemispheres. The
magnitude of the extratropical signals in Fig. 2b is typi-
cally only 20%–30% of the corresponding extrema
shown in Fig. 2a (note different contour intervals used
in these panels), thus implying that the direct forcing
from DTEP plays a dominant role in determining the

atmospheric response during the peak phase of ENSO.
The comparable strengths of the anomalies in Figs. 2d
and 2e are indicative of the ascending role of air–sea
feedbacks outside of DTEP as the ENSO cycle evolves
from the peak phase to the following boreal summer.

The extent to which the features seen in Figs. 2b and
2e may be attributed to ENSO-induced SST forcing
from the IWP domain may be assessed by comparing
these panels with the anomalies generated in the IWP
experiment (Figs. 2c and 2f). During DJF(0/1), the im-
posed SST changes in the IWP region yield rather weak
atmospheric anomalies (see Fig. 2c). The much stronger
signals in JJA(1) (Fig. 2f) and their notable spatial re-
semblance to the pattern in Fig. 2e indicate a prominent
role for the SST forcing in IWP during the boreal sum-
mer. An outstanding characteristic of the distribution in
Fig. 2f is the zonal symmetry of the pronounced positive
height anomalies near 30°N and 30°S. The direct re-
sponse to ENSO forcing in DTEP shows almost no
evidence of such subtropical ridges in the JJA(1) season
(see Fig. 2d).

The distributions of the deviation from climatology
of the 200-mb zonal wind, sea level pressure (SLP), and
precipitation fields, as simulated in the IWP experiment
in JJA(1), are presented in Figs. 3a–c, respectively. The
precipitation signals in the IWP sector (Fig. 3c) exhibit
a notable spatial correspondence with the prescribed
SST anomalies (Fig. 1c). Analysis of the moisture bud-
get (results not shown) indicates that the positive pre-
cipitation changes over the monsoon regions in South
Asia are attributable to increased evaporation over the
above-normal SST zones in the nearby waters and ad-
vection of the resulting moisture anomalies by the cli-
matological monsoon circulation. This effect more than
compensates for the opposite precipitation changes as-
sociated with the weakened monsoon flow due to re-
duction of the land–sea contrast in that region. The
pattern in Fig. 3c also indicates negative precipitation
changes along equatorial Africa as well as over central
and eastern North America.

The SLP response (Fig. 3b) in low and middle lati-
tudes is characterized by strong east–west asymmetry,
with negative anomalies in the IWP sector and positive
anomalies elsewhere. Particularly noteworthy are the
opposite pressure changes between the Asian landmass
and subtropical North Pacific, as well as between the
southern Indian Ocean and South Pacific/South Atlan-
tic. Comparison between the patterns in Figs. 2f and 3b
reveals that, within the IWP domain, the polarity of the
variations in 200-mb height is mostly opposite to that in
SLP, thus indicating the prevalence of a baroclinic ver-
tical structure in that region. Conversely, an in-phase
relationship between the 200-mb height and SLP fluc-
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tuations is evident over the midlatitude North and
South Pacific.

The pattern in Fig. 3a illustrates that easterly (west-
erly) 200-mb wind anomalies are simulated on the
equatorward (poleward) flank of the midlatitude
“ridges” in the height field. Comparison between the
anomalies in Fig. 3a and the long-term-averaged wind
pattern for boreal summer (see Fig. 36 of Alexander
and Scott 1995) indicates that these perturbations are
associated with poleward displacements of the axes of
the climatological jet streams over the North Pacific
and the southern oceans.

The counterparts of the panels in Fig. 3 have also
been constructed by subtracting the composites based
on the CTRL experiment from those based on the
MLM experiment. The methodology for computing

such patterns is identical to that used to obtain Fig. 2e
for the 200-mb height field. As explained earlier, these
MLM–CTRL charts (not shown) may be interpreted as
portraying the atmospheric changes generated by two-
way atmosphere–ocean coupling outside of the DTEP
region; whereas the IWP–CLIMO charts shown in Fig.
3 depict the atmospheric response to SST forcing in the
IWP sector. Comparison between these two sets of
charts for the wind, SLP, and precipitation fields re-
veals considerable spatial resemblance between each
other in the IWP region. This finding implies that the
meteorological signals associated with air–sea feed-
backs in the IWP region primarily reflect the response
of the atmosphere to SST variations appearing in that
site.

b. Zonally averaged patterns

To depict the detailed temporal evolution of the zon-
ally symmetric signals seen in Fig. 2 during the entire
ENSO cycle, zonal averages of the monthly mean 200-
mb height data from various experiments have been
correlated with the Niño-3.4 SST index at various tem-
poral leads and lags. Following the conventional defi-
nition, the latter index of ENSO has been constructed
by taking the spatial average of the observed SST data
within the domain of 5°S–5°N, 120°–170°W for each
January of the 1950–99 period. Temporal lag correla-
tion coefficients were then computed between the time
series of this index and the zonal means of 200-mb
height. The lags considered in this analysis range (in
monthly intervals) from �12 months to �13 months.
The correlation coefficients thus obtained at various
lags and latitude zones are presented in Fig. 4, for
height data simulated in the (a) CTRL and (b) MLM
experiments. These model results are compared with
the corresponding plot based on height data from the
observational reanalyses produced by the National
Centers for Environmental Prediction–National Center
for Atmospheric Research (NCEP–NCAR) for the
same 50-yr period (see Kalnay et al. 1996). To facilitate
interpretation of the temporal evolution of these cor-
relation statistics in the context of the ENSO time
frame, the timing of the Niño-3.4 index is set to be
Jan(1). The time labels Jan(0) and Feb(2) denote the
correlations as computed with the height data leading
Niño-3.4 by 12 months and lagging Niño-3.4 by 13
months, respectively. All correlation values shown in
Fig. 4 that exceed the thresholds of �0.28 and �0.36 are
significant at the 95% and 99% levels, respectively.

As pointed out in many previous studies, the 200-mb
height is a good approximation of the local tropo-
spheric thickness and may, hence, be used as a measure

FIG. 3. Distributions of the anomalies of (a) 200-mb zonal wind
(u; contour interval: 2 m s�1), (b) SLP (contour interval: 1 mb),
and (c) precipitation (contours shown for �0.5, �1, �2, �4, and
�8 mm day�1) as obtained from the difference between the IWP
and CLIMO experiments for the JJA(1) season.
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of the mean temperature of the tropospheric column.
The statistics based on reanalysis data (Fig. 4c) indicate
that the Niño-3.4 index in Jan(1) is most highly corre-
lated with observed tropical 200-mb height 2–3 months
later. The positive correlation persists through the
northern summer and autumn of year 1. Various ob-
servational studies on this temporal development of the
tropical tropospheric mean temperature after the peak
of ENSO events have been summarized by Kumar and
Hoerling (2003). The pattern in Fig. 4c further shows
that the tropospheric warming spreads from the equa-
torial zone toward the northern and southern subtrop-
ics during year 1. By the boreal summer and fall of that
year, the maximum correlations have shifted to the 30°–
40° zone in both hemispheres. A striking example of
this phenomenon is the pronounced midlatitude warm-
ing after the 1997 El Niño event (Hoerling et al. 2001b:
Hoerling and Kumar 2003).

The correlation pattern based on output from the
CTRL experiment (Fig. 4a) is characterized by a tropi-
cal maximum that attains highest amplitude from au-
tumn of year 0 through spring of year 1. This model
result shows little evidence of the observed temporal

lags of warming in the tropical and midlatitude zones in
year 1 relative to the Niño-3.4 index, thus illustrating
that SST forcing from the DTEP region alone does not
account for the delayed atmospheric responses seen in
Fig. 4c. Also noteworthy in Fig. 4a are the negative
anomalies in the midlatitude zones of both hemi-
spheres. The implied overall tropospheric cooling in the
extratropics is discernible from the boreal autumn of
year 0 through much of year 1 (see also Figs. 2a and 2d).
The observational and model evidence presented by
Seager et al. (2003) also indicates extratropical cooling
in the JJA(0)–MAM(1) period.

The atmospheric signals generated in the MLM ex-
periment (Fig. 4b) are in much better agreement with
the observations. Particularly noteworthy are the for-
ward temporal shift of the near-equatorial correlation
maximum in the MLM simulation relative to the CTRL
runs and the appearance in the MLM pattern of the two
correlation maxima in midlatitudes during the latter
half of year 1. The latter signals are indicative of the
reversal from extratropical cooling in the earlier part to
year 1 to warming thereafter in the MLM experiment.
The contrasts between the MLM and CTRL experi-

FIG. 4. Correlation coefficients between the Niño-3.4 SST index in Jan and the zonally averaged
geopotential height at 200-mb at various temporal leads and lags, based on data from the (a) CTRL and
(b) MLM experiments and (c) NCEP–NCAR reanalyses. Results are displayed as functions of time leads
and lags (ordinate) and latitude (abscissa). To correspond with the ENSO life cycle, the ordinate axis is
labeled using the month and year of the height data used in the computation for a particular time lead
or lag. For instance, Jan(1) indicates correlations at zero lag, whereas Jan(0) and Jan(2) indicate cor-
relations with the height data leading and lagging Niño-3.4 by 12 months, respectively. See text for
further details. Contour interval: 0.2.
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ments offer further evidence on the central role of SST
variability outside of DTEP in tropospheric tempera-
ture changes during year 1.

The more realistic simulation of the observed zonal
mean height anomalies in the MLM experiment, as
compared to that in the CTRL experiment, is further
illustrated in Fig. 5. This plot shows the latitudinal dis-
tribution of the temporal correlation coefficients be-
tween zonally averaged height data from the NCEP–
NCAR reanalyses and the corresponding ensemble-
mean values in the MLM (solid curve) and CTRL
(dashed curve) runs. The computations are based on
the 50-yr time series of boreal summer (JJA) means in
the 1950–99 period. It is evident from Fig. 5 that, in
most latitudes, the height variations in the MLM ex-
periment exhibit a higher correlation with the observa-
tions than those in the CTRL experiment.

The actual magnitudes of the simulated height
anomalies that contribute to the correlation patterns in
Figs. 4a,b can be discerned from the first two panels of
Fig. 6, which show the warm minus cold composites of
zonally averaged 200-mb height. The results based on
the CTRL experiment, and the differences between the
MLM and CTRL experiments, are presented in Figs. 6a
and 6b, respectively. The format adopted in plotting
these panels is identical to that in Fig. 4, that is, the
ordinate axis is labeled using the nomenclature outlined
in footnote 2. To illustrate the atmospheric changes due
to SST anomalies simulated in the IWP sector during
the ENSO cycle, the zonal mean 200-mb height
anomaly in each month of the Jan(0)–Feb(2) period has
been computed by taking the difference between the
IWP and CLIMO integrations. The results are dis-
played in Fig. 6c. To facilitate comparison with the
other panels in the same figure, the anomalies shown in
Fig. 6c have been reduced by a factor of 2.

The pattern in Fig. 6a indicates that the atmospheric

response to direct SST forcing in DTEP is characterized
by a gradual increase in the tropical tropospheric warm-
ing from the northern spring of year 0 to winter of year
0/1, and a more abrupt decrease in the warming during
the spring of year 1. Also apparent in Fig. 6a are the
negative extratropical height anomalies (cooling).

The effects of air–sea interactions induced by the at-
mospheric bridge mechanism outside of DTEP, as es-
timated by removing the CTRL signal from the MLM
response (see Fig. 6b), are rather weak in year 0 but are
relatively much stronger throughout year 1. Near-
equatorial warming attains a maximum in the boreal
spring and early summer of year 1. In accord with the
global chart in Fig. 2e, the zonal mean pattern in Fig. 6b
also shows large midlatitude height anomalies in both
hemispheres during the northern summer of year 1.
The polarity of these extratropical signals tends to be
opposite to that simulated in the CTRL experiment
during year 1 (Fig. 6a). The overall resemblance be-
tween the results in Figs. 6b and 6c implies that the
signals seen in the MLM minus CTRL patterns may
largely be attributed to the atmospheric response to
SST forcing in IWP.

It is worth noting that, during some of the ENSO
events used in constructing the warm and cold compos-
ites (see lists in section 2), the polarity of the SST forc-
ing in the DTEP region reversed abruptly from year 0
to year 1. For instance, the El Niños of 1972 and 1997
were immediately followed by the La Niñas of 1973 and
1998; whereas the 1975 La Niña occurred prior to the
1976 El Niño. In these particular cases, the observed
atmospheric signals in year 1 could result not only from
SST forcing in the IWP region (which is induced by the
ENSO event in year 0), but also from SST forcing in the
DTEP region accompanying an emerging ENSO event
(which has a polarity opposite to that of the preceding
ENSO event in year 0). The atmospheric impacts of
such reversals of ENSO polarity in successive years
have been evaluated by examining time–latitude plots
similar to Fig. 6a for zonal mean height anomalies simu-
lated by the CTRL experiment in individual events.
Inspection of such plots for the 1972/73 and 1997/98
episodes (not shown) reveals that the SST forcing in the
DTEP region associated with the warm 1972 and 1997
ENSO events does lead to tropical warming and mid-
latitude cooling in the latter half of these years and the
first several months of the following years. These
anomalies are seen to be replaced by tropical cooling
and extratropical warming in the latter part of 1973 and
1998, due to occurrence of the cold ENSO events in
these years. Analogously, the plot for the 1975/76 pe-
riod shows a similar sequence of height anomalies but
with reversed signs. The corresponding time–latitude

FIG. 5. Distributions of the temporal correlation coefficients
between NCEP–NCAR data for zonally averaged 200-mb height
and the corresponding ensemble means for the MLM (solid
curve) and CTRL (dashed curve) experiments. Computations are
based on seasonal averages for JJA in the 1950–99 period.

2930 J O U R N A L O F C L I M A T E VOLUME 18



distributions for the individual cases based on differ-
ences between the MLM and CTRL experiments (not
shown), which illustrate the effects of air–sea coupling
outside of the DTEP region, do however exhibit con-
siderable similarities to the composite pattern in Fig.
6b. In particular, positive midlatitude height anomalies
are simulated in the boreal summers of 1973 and 1998,
following the El Niños of the preceding years; whereas
negative extratropical height anomalies are evident in
the year after the 1975 La Niña. In all three events
considered here, the amplitude of the midlatitude
height anomalies in the MLM minus CTRL panels
during the boreal summer of year 1 is comparable to
that in the CTRL pattern. Examination of the special
cases mentioned above, as well as the other cases in-
corporated in the composite procedure for constructing
Figs. 6a,b, leads us to conclude that the effect of air-
sea interactions outside of DTEP on the zonal mean
extratropical atmosphere in year 1 is discernible in
each of the 10 warm or cold ENSO events selected in
this study, irrespective of the transitions in ENSO po-
larity from year 0 to year 1 during a subset of these
events.

4. Local processes contributing to midlatitude
atmospheric responses to SST forcing in IWP

a. Role of diabatic heating

The spatial correspondence between the precipita-
tion anomalies in Fig. 3c and the height/pressure
anomalies in Figs. 2f and 3b suggests that the simulated
atmospheric changes in the vicinity of the IWP region
could result from condensational heat sources and sinks
due to enhanced and reduced rainfall in that sector.
The precipitation pattern is in turn closely related to
the SST forcing prescribed in the IWP experiment (see
Fig. 1c). To delineate the effects of perturbed diabatic
heating on the atmospheric circulation, the three-
dimensional, global anomalous heating field as simu-
lated in the IWP experiment has been used to force the
stationary wave model (SWM) documented by Ting
and Yu (1998). This mechanistic, primitive equation
model is time dependent and nonlinear. Its spatial reso-
lution is identical to that of the atmospheric GCM used
in this study. The details on the application of this SWM
for studying the atmospheric response to prescribed
diabatic forcing have been described by LNW04. In the

FIG. 6. Warm minus cold composites of the zonally averaged height for the (a) CTRL experiment and
(b) difference between the MLM and CTRL experiments. Results are plotted in a similar format as in
Fig. 4, with the ordinate axis corresponding to the Jan(0)–Feb(2) period of the ENSO cycle. (c) The
temporal evolution of the anomalous zonal mean 200-mb height simulated during the 26-month [Jan(0)–
Feb(2)] duration of the IWP experiment, as obtained by subtracting CLIMO data from the IWP output.
To facilitate comparison with (a) and (b), the data in (c) have been divided by 2. Contour intervals: (a)
10 and (b), (c) 5 m. A 1:2:1 smoothing in the temporal domain has been applied to the data in (b) and
(c).
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present computation, the basic state for the SWM has
been constructed using the three-dimensional climatol-
ogy of the atmospheric GCM for the JJA season and
has been held fixed through the integration of the
SWM. The forcing term for this integration was ob-
tained by subtracting the climatological heating field
for northern summer (as generated by the GCM in the
CLIMO experiment) from the corresponding field
simulated in the IWP experiment during the JJA(1)
season. The transient disturbances produced by the
SWM were suppressed by strong damping.

The steady-state solution of the SWM in response to
the imposed diabatic forcing is portrayed in Fig. 7 using
the zonally asymmetric component of the geopotential
height field (contours) at the (a) 0.257 and (b) 0.866
sigma levels, which are located in the upper and lower
troposphere, respectively, in regions of low terrain. Su-
perposed on these patterns is the distribution of the
vertically integrated heating rates (shading) used in
forcing the SWM. A separate computation has also
been performed by subjecting the SWM to the positive
diabatic heating in the Southeast Asian sector (5°–

FIG. 7. Distributions of the zonally asymmetric component of the geopotential height response at the (a) 0.257 and (b)
0.866 sigma level to prescribed diabatic heating, as obtained using the stationary wave model for the JJA(1) season.
Contour intervals: 10 m. The vertically integrated heating rate used in this computation is indicated by shading.
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35°N, 80°–160°E) only. The resulting solution (not
shown) bears a strong resemblance to the model re-
sponse in the Eastern Hemisphere to the global distri-
bution of heat sources and sinks (shown in Fig. 7). This
finding indicates that the height patterns in the vicinity
of the IWP sector in Fig. 7 are primarily the result of
heat sources located in the same region. In comparing
Fig. 7a with the GCM results in Fig. 2f, it should be
borne in mind that the zonal mean component has a
strong presence in the latter pattern; whereas the SWM
solution pertains to the departure from the zonal aver-
age.

The most prominent heat source in Fig. 7 is located in
an elongated zone extending eastward from the Bay of
Bengal to the South China and Philippine Seas. This
feature bears a strong relationship with the above-
normal precipitation field in the same region (Fig. 3c).
The low-level response of the SWM to the global dis-
tribution of heat sources and sinks (Fig. 7b) consists of
negative height anomalies located to the northwest and
southwest of the main heating center over Southeast
Asia and positive anomalies over the subtropical north-
western Pacific and midlatitude South Pacific. The spa-
tial relationships between these atmospheric features
and the heating field are consistent with the analytic
solutions for the atmospheric responses to idealized
heat sources, as reported by Matsuno (1966) and Gill
(1980). The similarity between the pattern in Fig. 7b
and the SLP pattern in Fig. 3b indicates that the GCM-
simulated features appearing in the latter chart are es-
sentially forced by diabatic processes.

Over much of the tropical and subtropical zones, the
polarity of the upper-tropospheric height anomalies in
the SWM solution (Fig. 7a) is opposite to that in the
lower troposphere (Fig. 7b), thus illustrating the baro-
clinic nature of these responses. There exists a good
correspondence between the signals in Fig. 7a and the
200-mb height anomalies in Fig. 2f within the zone be-
tween 0° and 120°E. The pair of midlatitude ridges in
the height field across Eurasia and the southern Indian
Ocean, as simulated in the IWP experiment (see Fig.
2f), are therefore linked to diabatic forcing. However,
the SWM solution deviates markedly from the full
GCM result beyond the IWP sector. In particular, there
is no evidence in Fig. 7a of the anomalous midlatitude
ridges at 200 mb over the North and South Pacific, as
seen in the output from the IWP experiment (Fig. 2f).

The recent observational and modeling study by
Branstator (2002) has demonstrated that the South
Asian jet stream in the boreal winter serves as an ef-
fective waveguide for organizing zonally oriented cir-
cumglobal patterns with a notable zonal mean compo-
nent. The role of this mechanism in the generation of

the zonally symmetric patterns, as seen in our present
study during the boreal summer season, has been evalu-
ated by incorporating the three-dimensional climato-
logical flow structure in JJA in the stationary wave
model described in this section. This model was then
forced by either idealized subtropical heat sources at
various longitudes near the heating centers shown in
Fig. 7 or vorticity sources in the vicinity of the North
Pacific storm track where enhanced eddy–mean flow
feedbacks occur (see section 4b). The geographical ex-
tent of the summertime response patterns produced in
these experiments (not shown) is much more limited
than that generated using the basic state for winter. The
weak waveguiding action of the background circulation
in JJA may be attributed to the much-reduced intensity
of the summertime jet stream in the Northern Hemi-
sphere (see Fig. 36 of Alexander and Scott 1995), and
the larger distances separating the heat or vorticity
sources from the jet stream core during summer.

b. Role of synoptic-scale transient eddies

We next consider the relationships between extra-
tropical synoptic-scale disturbances and the atmo-
spheric patterns in Figs. 2 and 3. These transient eddies
mostly travel eastward along organized storm tracks
(e.g., see recent review by Chang et al. 2002). They are
modulated by low-frequency changes in the ambient
circulation and in turn exert feedback effects on the
local background flow pattern as they propagate down-
stream (e.g., see Lau 1988). To ascertain the role of
these synoptic-scale perturbations, the daily 200-mb
zonal and meridional wind data (u and �, respectively)
from individual samples of the IWP and CLIMO ex-
periments have been subjected to a Lanczos filter (Du-
chon 1979) that retains time scales between 2 and 10
days. The filtered time series were then used to com-
pute the temporal variance and covariance quantities
u�u�, ����, and ��u�, where the overbar denotes average
over the northern summer and the prime indicates de-
viation from the seasonal mean. Figure 8 shows the
200-mb distributions of (Fig. 8a) eddy kinetic energy
K � (u�u� � ����)/2 (shading) and extended Eliassen–
Palm vector E � (����-u�u�)/2i-��u�j (arrows), and (Fig.
8b) eddy-induced geopotential height tendency �z/�t �
( f/g)��2	, where f is the Coriolis parameter, g is the
gravitational acceleration, and 	 is the convergence of
eddy vorticity fluxes [which can be evaluated using
u�u�, ����, and ��u�; see Eq. (2) in Lau 1988]. The results
in this figure are obtained by subtracting the climato-
logical eddy statistics for the JJA season in the CLIMO
experiment from the corresponding statistics for the
JJA(1) season in the IWP experiment. The pattern for
K indicates regions of enhanced and diminished synop-
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tic-scale activity as simulated in the IWP experiment.
The E vectors are computed using the formulation of
Trenberth (1986), who pointed out that the group ve-
locity of the transient eddies relative to the local time
mean circulation is parallel to E and that the accelera-
tion of the zonal wind due to barotropic eddy processes

can be inferred from the divergence of E. The eddy-
induced height tendency provides a quantitative mea-
sure of the barotropic effects of the eddies in forcing
the geopotential height pattern.

Comparison between the extratropical patterns for
anomalous zonal wind (Fig. 3a) and K (Fig. 8a) reveals

FIG. 8. Distributions of the anomalies of 200-mb (a) transient eddy kinetic energy (K; shading) and extended Eliassen–
Palm vectors (E; arrows; see scale at upper right) and (b) geopotential height tendency induced by transient eddies (�z/�t)
as obtained from the difference between the IWP and CLIMO experiments for the JJA(1) season. All computations are
based on eddy variance and covariance statistics for time-filtered data with periods of 2–10 days.
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that more intense eddy activities develop downstream
of positive zonal wind anomalies; whereas weakened
transient disturbances are seen to the east of negative
changes in the zonal flow. Prominent examples of these
relationships include the eastward shift of the maxi-
mum in K over Bering Sea–Alaska–northern Canada
relative to the enhanced zonal flow over East Asia and
the North Pacific; strengthening of storm-track activity
along the 30°–40°S zonal belt between 90° and 150°E,
which is displaced to the east of the positive zonal wind
anomaly over the southern Indian Ocean; and suppres-
sion of synoptic-scale variability downstream of the re-
duced zonal flow over the central South Pacific. Such
zonal displacements of the storm tracks in relation to
the time-mean circulation have been well documented
in many observational and model works (e.g., Black-
mon et al. 1977; Frederiksen 1983). These studies dem-
onstrated that the unstable shear regions in the vicinity
of strong zonal flows in the extratropics favor the de-
velopment of synoptic-scale waves, which propagate
eastward and attain maximum amplitudes downstream
of the unstable sites. Comparison of the anomaly pat-
tern of K in the Western Hemisphere (shading in Fig.
8a) with the corresponding climatological distribution
of K (see Fig. 103 of Alexander and Scott 1995) indi-
cates considerable poleward shifts of the storm tracks
over the Pacific and Atlantic basin in both hemispheres.

The E arrows (Fig. 8a) are predominantly directed
eastward near the axes of maximum in K, thus implying
enhanced eastward group propagation of the transient
eddies relative to the mean flow. In the eastern portion
of the elongated maxima in K (i.e., Alaska–northern
Canada and east of Australia), the E vectors exhibit a
distinct divergent pattern, thus indicating acceleration
of the zonal flow by the synoptic disturbances in those
sites. This feedback effect of the transient eddies on the
mean circulation is most discernible toward the eastern
end of the enhanced storm tracks, where the synoptic
waves typically enter a decay stage dominated by baro-
tropic transfer of kinetic energy to the mean flow
through momentum fluxes (e.g., Simmons and Hoskins
1978; Hoskins et al. 1983). The zonal wind acceleration
by the transient disturbances would result in an east-
ward extension of the positive zonal wind anomalies
that activate these eddy life cycles in locations farther
upstream, thereby enhancing the zonal symmetry of the
circulation anomaly. The above relationships are also
seen to apply, albeit with opposite polarity, to the belt
of suppressed synoptic variability along 30°S in the
Western Hemisphere, where the zonal wind decelera-
tion associated with the convergent E vectors acts to
extend the negative zonal wind anomaly over central
South Pacific at 30°S (see Fig. 3a) farther eastward.

Based on geostrophic considerations, the height ten-
dency pattern in Fig. 8b is consistent with the eddy-
induced zonal wind changes inferred from the E vec-
tors. The regions at and to the east of the maxima in K
are straddled by positive (negative) height anomalies
on the equatorward (poleward) side so that eastward
zonal wind acceleration prevails along the axes of maxi-
mum in K. Comparison between the height anomaly
simulated in the IWP experiment (Fig. 2f) and the
eddy-induced height tendency (Fig. 8b) reveal some
spatial correspondence between the two fields in the
Western Hemisphere. Of particular note is the coinci-
dence of positive height anomalies with positive height
tendencies over the Gulf of Alaska–southern Canada
and South Pacific at about 45°S. The time scale for the
reinforcement of the extratropical geopotential height
field east of the date line by the transient eddies, as
estimated by the ratio of the height anomalies3 to the
local height tendency, is approximately 10–20 days. The
equivalent barotropic structure of the maritime height/
pressure anomalies in the Western Hemisphere (note
in-phase relationships between the features in Figs. 2f
and 3b) is indicative of an active role of eddy momen-
tum transports in maintaining these anomalies. An
analogous set of relationships between the seasonally
averaged circulation pattern, sites of active synoptic-
scale disturbances, and eddy-induced height tendency
over the North Pacific during the summer of year 0 has
been identified by Alexander et al. (2004) using NCEP–
NCAR reanalysis data.

5. Zonal mean perspective of the influences of
SST variability in DTEP and IWP on
eddy–mean flow interactions

The recent diagnostic and modeling study by Seager
et al. (2003) has illustrated that modification of the
zonal mean subtropical atmospheric structure during
ENSO events could alter the distribution of zonal mean
momentum transports by these eddies. These authors
noted that the resulting changes in the eddy-driven
mean meridional circulation could then lead to varia-
tions with strong zonal symmetry. To evaluate the role
of this mechanism in the zonally averaged responses
shown in Fig. 6 for the various GCM experiments ex-
amined in this study, the time–space evolution of the
relevant zonal mean quantities has been analyzed using
output from these model runs. The variation with time

3 Recalling that the height anomalies are displayed at half am-
plitude in Fig. 2f, the data presented therein need to be multiplied
by a factor of 2 in this estimation.
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and longitude of the warm minus cold composites of the
200-mb zonally averaged zonal wind [u], as computed
using data from the CTRL experiment, is displayed in
Fig. 9a. The corresponding patterns for the zonally av-
eraged 200-mb transient eddy momentum flux [��u�] and
its meridional divergence divMF � �([��u�] cos2
)/a
cos2
�
 are presented in Fig. 9c using shading and con-
tours, respectively. The distribution of divMF is re-
peated in Fig. 9e and is superposed on 500-mb zonal
mean pressure velocity [�], which is indicated by shad-
ing. Here the square brackets denote the zonal averag-
ing operator, a the earth radius, and 
 the latitude. The
analogous results based on departure of the zonal mean
statistics of the IWP experiment from the CLIMO ex-
periment are shown in the lower row of panels in Fig. 9.
All patterns in Fig. 9 are based on monthly means, with
the primes in the covariance quantity ��u� representing
transient fluctuations from the monthly mean, and the
overbar indicating the monthly mean.

The response of [u] to ENSO-related SST forcing in
the DTEP region, as produced in the CTRL experi-
ment (see Fig. 9a), is characterized by intensification of
the subtropical jets at 20°–30°N and 20°–30°S during
the latter half of year 0 and beginning of year 1 of the
warm events. These circulation changes are consistent
with the enhanced height (and temperature) gradients
along the poleward flanks of the positive tropical height
anomaly occurring in the mature phase of ENSO (see
Fig. 6a). As demonstrated in Seager et al. (2003), the
modifications of the meridional potential vorticity gra-
dient of the zonal flow alter the refractive characteris-
tics of the atmospheric basic state, which affect the
propagation paths and transport properties of transient
disturbances. The changes in eddy momentum fluxes
[��u�] are shown in the shading pattern in Fig. 9c. It is
seen that strengthening of [u] in the subtropics is con-
current with increased poleward [��u�] in the same lati-
tude zone of both hemispheres and by increased equa-
torward fluxes near 40°N and 50°S. This configuration
of eddy transports is accompanied by notable momen-
tum flux convergences (i.e., divMF � 0) within the
30°–45° latitude belts in the Northern and Southern
Hemispheres (see contours in Fig. 9c). By considering
the zonally averaged momentum equation, the divMF
term is primarily balanced by the Coriolis torque asso-
ciated with the zonal mean meridional flow f [�] [e.g.,
see Eq. (3) of Seager et al. (2003)]. Hence divMF � 0
would be coincident with equatorward [�], and vice
versa. Continuity constraints [e.g., Eq. (5) of Seager et
al. (2003)] require that meridional convergence and di-
vergence of [�] at the 200-mb level be associated with
midtropospheric subsidence ([�] � 0) and ascent ([�] �
0), respectively.

The relationship between [�] and divMF based on
the above reasoning is confirmed by the patterns in Fig.
9e. Since divMF is generally weak in the deep tropical
zone (see Fig. 9c), the data values of this quantity and
of [�] are shown only for latitudes poleward of 25° in
Fig. 9e so as to highlight the eddy–mean flow interac-
tions in the extratropics. Of particular interest in the
pattern of [�] in Fig. 9e is the prevalence of anomalous
rising motion within the 30°–45° latitude zones in
both hemispheres. This ascent attains maximum inten-
sity in DJF(0/1). Eddy momentum flux convergence
(divMF � 0, which implies equatorward [�]) is situated
just equatorward of the sites of anomalous ascent;
whereas flux divergence (divMF � 0 and poleward [�])
is seen immediately poleward of the same sites. Com-
parison of the pattern of [�] in Fig. 9e with that of zonal
mean height in Fig. 6a reveals that the negative height
anomalies (cooling) in the extratropical zones near the
end of year 0 and the first several months of year 1 are
almost collocated with anomalous rising motion in the
CTRL experiment. In light of the evidence presented
herein, the decrease in midlatitude temperature during
late year 0 and early year 1 of warm ENSO episodes is
partially attributable to adiabatic cooling accompany-
ing the anomalous ascending motion induced by
changes in the transient eddy momentum transports in
the extratropics, which are in turn modulated by re-
sponses of the zonal mean atmospheric circulation to
the SST forcing in the DTEP region. Our findings lend
support to the mechanism proposed by Seager et al.
(2003) for the occurrence of zonally and hemispheri-
cally symmetric modes of atmospheric variability.

The nature of eddy–mean flow interactions in re-
sponse to SST perturbation in the IWP region is delin-
eated by a parallel set of zonal mean diagnoses based
on departures of the output of the IWP experiment
from climatology, as shown in the lower panels of Fig.
9. The most prominent changes in the zonal mean wind
profile (Fig. 9b) occur in the Mar(1)–Sep(1) period,
with weakened zonal flows near 30°N and 30°S and
intensified flows farther poleward. These anomalies in
[u] reflect the poleward shifts of the jet streams in both
hemispheres, as noted earlier in Fig. 3a. Comparison
between the patterns of Figs. 9a and 9b indicates that,
for a given latitude zone, the [u] anomaly in the IWP
experiment is opposite to that occurring in CTRL sev-
eral months earlier. The patterns of [��u�] and divMF
for the IWP experiment (Fig. 9d) show enhanced pole-
ward momentum transports near 50°N and 50°S in the
middle of year 1, thus leading to meridional flux diver-
gence (convergence) equatorward (poleward) of these
latitudes. The relationships between [��u�] and [u] in
IWP (Figs. 9b and 9d) are analogous to those in
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FIG. 9. Distributions of warm minus cold composites of (a), (b) zonally averaged 200-mb zonal
wind {[u]; contour intervals: (a) 1 and (b) 0.5 m s�1}, (c), (d) 200-mb zonally averaged transient
eddy momentum flux ([��u�]; shading) and its meridional divergence [divMF; contours, intervals:
(c) 2 � 10�6 and (d) 1 � 10�6 m s�2; solid (dashed) contours indicate positive (negative) values;
zero contour not plotted], and (e), (f) eddy momentum flux divergence [divMF; contours, as in (c)
and (d)] and 500-mb zonally averaged pressure velocity ([�]; shading). (a), (c), and (e) are based
on data from the CTRL experiment, while (b), (d), and (f) are based on differences between the
IWP and CLIMO experiments. All results are displayed as a function of time (ordinate) and
latitude (abscissa). A 1:2:1 smoothing in the temporal domain has been applied to the data in all
panels. No data are shown equatorward of 25° latitude in (e) and (f).
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CTRL (Figs. 9a and 9c), thus suggesting that similar
physical interpretations may be applied to the covari-
ability of zonal mean flow structure and eddy transports
in both experiments. The patterns of divMF (primarily
balanced by f [�]) and [�] (see Fig. 9f) are seen to satisfy
continuity requirements. The most noteworthy signals
in the anomalous [�] field generated in the IWP experi-
ment are the subsidence near 45° in both hemispheres
during the boreal summer of year 1. The timing and
location of these features correspond closely with that
of the anomalous midlatitude ridges (warming) shown
in Fig. 6c. Hence, in analogy with the diagnosis of the
CTRL experiment, the lower panels of Fig. 9 illustrate
that the zonal mean atmospheric response to SST
anomalies in the IWP sector is also linked to adiabatic
warming associated with the circulation cells on the me-
ridional plane, which are driven by anomalous eddy
transports resulting from changes in the structure of [u].

In summary, the analysis presented in this section
offers the following perspective of the zonally symmet-
ric responses of the extratropical atmosphere in the
course of a typical warm ENSO cycle. The midlatitude
cooling prior to the boreal spring of year 1 is linked to
ascending motion induced by transient eddies, whose
propagation and transport properties are altered by
changes in the mean flow structure due to SST forcing
in the DTEP sector. Conversely, the extratropical
warming in middle and late year 1 is associated with
eddy-driven subsidence, with the eddies being influ-
enced by mean flow anomalies related to SST changes
appearing in the IWP region after the peak phase of
ENSO. The above sequence of zonal mean changes in
the temperature field (as inferred from 200-mb height
anomalies) is clearly discernible from the output of the
MLM experiment (see Fig. 4b), which incorporates SST
forcings from both the DTEP and IWP domains.

6. Impact of circulation changes during JJA
(1) on meteorological conditions over North
America

The SLP and precipitation charts in Figs. 3b, c sug-
gest that the circulation anomalies examined in the pre-
vious sections could exert considerable influences on
North American climate during the JJA(1) season.
The anomalous patterns of various meteorological
fields over North America are shown in greater detail
in Figs. 10, for (a) 500-mb geopotential height (con-
tours) and wind vector (arrows) and 1000–500-mb
thickness (shading); (b) SLP (contours) and precipita-
tion (shading); and (c) surface wind vector (arrows) and
surface air temperature (shading). All results are based
on departure from model climatology (as produced by

the CLIMO runs) of the fields simulated in the IWP
experiment in JJA(1).

The most prominent features in the precipitation and
surface air temperature fields (shading in Figs. 10b and
10c) are the dry and warm anomalies extending east-
ward from the northern plains of the United States
across the Great Lakes region to southeastern Canada
and the northeastern United States. Below-normal SLP
prevails over these anomalies, and a surface cyclonic
center is discernible east of the Rockies at 40°N. The
surface circulation south of the principal warm/dry
anomaly is characterized by intensified southerly/
southwesterly flows (Fig. 10c) with attendant positive
temperature advection. A high SLP anomaly, accom-
panied by anticyclonic circulation, is seen over the
southeastern United States and the Gulf Coast. In the
middle troposphere (Fig. 10a), a strong positive height
and 1000–500-mb thickness anomaly with a distinct an-
ticyclonic flow pattern is seen above the warm/dry
zone. Much-below-normal soil moisture (patterns not
shown) is also simulated in this zone in the summer
season, as well as in the preceding spring and winter
[MAM(1) and DJF(0/1)]. Such concurrent and precur-
sory signals are suggestive of a role for ground hydrol-
ogy in the maintenance and initiation of the warm/dry
episodes.

The local relationships between summertime anoma-
lies over North America in different meteorological
variables, as deduced from the model results presented
in Fig. 10, are in broad agreement with those observed
during heat waves and droughts in the U.S. Great
Plains, as documented by Klein (1952), Namias (1955),
and Chang and Wallace (1987).

The simulated precipitation and surface temperature
signals seen in Fig. 10 have been compared with the
anomalies observed in the individual summers included
in these composites. The observational precipitation
datasets examined here include the station records
compiled by Dai et al. (1997), as well as the products of
the Global Precipitation Climatology Project (GPCP)
(see Huffman et al. 1997), which combine rain gauge
and satellite measurements with model estimates. In-
formation on the observed surface air temperature is
obtained from the NCEP–NCAR reanalyses. Of the
five warm ENSO events examined in this study, the
observations (not shown) indicate that the summers of
1973, 1983, and 1998 [which correspond to year 1 of the
1972, 1982, and 1997 El Niños] are characterized by
below-normal precipitation and above-normal tem-
perature over portions of North America. Conversely,
positive precipitation anomalies are observed in the
summers of 1971, 1974, and 1989, following the La
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FIG. 10. Distributions in the North Pacific–North American sector of the anomalies of (a) 500-mb
wind vector (V; arrows; see scale at upper right) and height (z; contours, interval: 10 m) and 1000–500-mb
thickness (�z; shading); (b) SLP (contours, interval: 0.5 mb) and precipitation (shading); and (c)
surface wind vector (V; arrows; see scale at upper right) and surface air temperature (T; shading), as
obtained from the difference between the IWP and CLIMO experiments for the JJA(1) season.
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Niñas of the preceding years. The agreement between
the anomaly patterns simulated in the IWP experiment
and the observations in individual ENSO episodes is
generally rather weak. Such discrepancies between
model and observations could result from limited sam-
pling of the observed anomaly (only one realization for
each event), impact of the atmospheric and hydrologi-
cal conditions prior to the summer of year 1, and addi-
tional effects on the observed climate system due to
SST anomalies situated outside of the IWP region, as
well as various model deficiencies.

7. Summary

An effort has been made to identify the physical
causes for the occurrence of midlatitude warming and
upper-level pressure ridges with distinct zonal symme-
try in the year after El Niño events. Simulated SST
anomalies in the IWP region, as produced by the atmo-
spheric bridge mechanism linking ENSO events in the
tropical Pacific to that sector, have been used to force
an atmospheric GCM through an ENSO life cycle. This
experimental setup has considerable success in repro-
ducing the essential characteristics of the atmospheric
changes observed after the mature phase of ENSO,
thus signifying that the ENSO-induced SST variability
in IWP exerts a strong influence on the global atmo-
spheric circulation in year 1.

As deduced from supplementary experiments using a
mechanistic stationary wave model and from further
diagnosis of the output from the IWP runs, the positive
geopotential height anomalies over Eurasia and the
southern Indian Ocean are seen to be responses to con-
densational heating associated with increased precipi-
tation near the abnormally warm waters in the Bay of
Bengal as well as the South China and Philippine Seas.
More vigorous feedbacks between the synoptic-scale
transient disturbances and the local quasi-stationary
flow occur downstream of these responses to diabatic
heating. Such eddy–mean flow coupling is strongest in
the Western Hemisphere and is accompanied by east-
ward extension of the midlatitude ridges to the North
Pacific–North American and South Pacific–South At-
lantic sectors. The local manifestation of the above cir-
culation changes over North America is reminiscent of
the conditions observed during pronounced summer-
time heat waves and droughts in that region.

Analysis of the zonally averaged circulation statistics
reveals that changes in the extratropical zonal mean
geopotential height and temperature in various stages
of the ENSO cycle are related to anomalous meridional
cells driven by transient eddies, whose propagation and
transport properties are modulated by the zonal mean

wind structure, which is in turn altered by SST anoma-
lies in the Tropics and subtropics during ENSO.
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APPENDIX

Summary of Significance Testing

Most of the fields presented in Figs. 1, 2, 3, 6, 8, and
10 have been subjected to two-tailed Student’s t tests
(Chervin and Schneider 1976), with due consideration
of the number of data samples used in constructing the
patterns in these individual figures. The approximate
threshold values at the 99% significance level for vari-
ous fields in these figures are given in Table A1. The
significance of a given signal in any figure can be as-
sessed by comparing its amplitude with the thresholds
given in this table. Those fields with thresholds that
exhibit a strong latitudinal dependence are indicated by
multiple entries.

TABLE A1. Approximate threshold values at the 99% signifi-
cance level for various fields displayed in different figures of this
article.

Figure Variable Threshold

1 (left
portion)

SST 0.25°C

2 z200 mb 10 m (Tropics)
20 m (extratropics)

3a u200 mb 2 m s�1

3b SLP 1 mb (north of 50°S)
2 mb (south of 50°S)

3c Precipitation 0.5 mm day�1

6a, 6b z200 mb 10 m (Tropics)
20 m (extratropics)

6c z200 mb 10 m (all latitudes)
8a K200 mb 4 m2 s�2

8b �z/�t at 200 mb 2 m day�1 (low latitudes)
4 m day�1 (middle latitudes)
6 m day�1 (high latitudes)

10a z500 mb 10 m (middle latitudes)
20 m (high latitudes)

1000–500-mb
thickness

10 m

10b SLP 1 mb
precipitation 0.5 mm day�1

10c Temperature 0.5°C
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